Spermatogenesis is a highly regulated process leading to the development of functional spermatozoa through meiotic division and subsequent maturation.
INTRODUCTION
Normal spermatogenesis involves a complex series of events that are tightly controlled at the temporal and spatial levels by transcriptional and posttranscriptional mechanisms [1, 2] . The process is often divided into three major functional stages: a proliferative stage, a meiotic stage, and a maturation stage (spermiogenesis), which culminates in the release of mature spermatozoa [1, 2] . Cells present at each stage typically show distinct patterns of gene expression, the strict regulation of which is required to ensure the production of mature spermatozoa as well as reproductive competency [3, 4] .
Small RNAs have emerged during the past decade as key participants in the regulation of gene expression in an extraordinary number of biological processes, including spermatogenesis [2, [5] [6] [7] . Throughout gametogenesis, several different regulatory pathways centered around small RNAs have been shown to mediate posttranscriptional regulation of gene expression [5, 8, 9] . MicroRNAs (miRNAs), originally identified in 1993 [10] and in mammals in 2001 [11] , represent the best-characterized class of small noncoding RNAs; they are typically ;22 nucleotides in length and regulate gene expression through modulation of mRNA stability and translation [12] [13] [14] [15] . It has been proposed that miRNAs regulate the expression of up to 30% of the human genome [16] . Specific miRNAs have been found to be enriched in the testes [17] , at times tracking with sexual maturity [18] , and multiple lines of evidence suggest that they play significant roles during every stage of spermatogenesis [2, 6] .
Recently, a novel class of small RNAs, known as PIWIinteracting RNAs (piRNAs), has been identified and strongly implicated in the control of gene expression in several different reproductive contexts, particularly spermatogenesis [7, 9, 19, 20] . The piRNAs are noncoding RNAs 27-32 nucleotides in length that were originally identified in germ cells and shown to be derived from transposon-rich and repetitive regions of the genome [7, 8, 21, 22] . Structurally, piRNAs are characterized by a strong bias for a 5 0 uridine [22] , a 5 0 phosphate group, and 2 0 -O-methylation at their 3 0 end [22] [23] [24] [25] [26] . The piRNAs bind to members of a subclade of the Argonaute (AGO) family known as the PIWI proteins to form a ribonucleoprotein complex [21, 22, 27, 28] . PIWI expression is generally restricted to stem cells and germ line cell types [27, 29, 30] , although expression has been noted in other cell types and tumors [31, 32] .
The first PIWI protein was characterized in 1997 by Lin and Spradling [33] , after a mutation screen identified it as a novel gene involved in germ line cell maintenance in Drosophila where mutations in PIWI abolished germ line stem cell division [33] . PIWI proteins have since been characterized in several species. The genomes of Caenorhabditis elegans, Xenopus, and Danio rerio encode two PIWI family members [34] [35] [36] [37] [38] , whereas rodent models, such as mice and rats, have three PIWI family members, named PIWIL1 (MIWI, RIWI), PIWIL2 (MILI, RILI), and PIWIL4 (MIWI2, RIWI2), respectively [39] [40] [41] . Interestingly, bioinformatic analysis suggests that specific mammalian genomes, such as those for human and primate, also contain a PIWIL3 family member [38, 42] . Limited characterization of PIWIL3 has been completed to date, although PIWIL3 has recently been identified as the most highly expressed PIWI family member in bovine oocytes [43] .
Loss of functional PIWI protein in Drosophila or ZIWI and ZILI in Danio leads to infertility in both sexes [33, [36] [37] [38] , whereas infertility in mice with PIWI mutations or deletions appears to be limited to males. Loss of PIWIL1 function in mice leads to spermatogenic arrest at the round spermatid stage [40] . Loss of PIWIL2 (MILI) or PIWIL4 (MIWI2) results in similar phenotypes, with spermatogenesis completely blocked in meiosis [44] , resulting in an overall failure of spermatogenesis and male sterility. This suggests nonredundant requirements for all three PIWI family members in male mammals. Interestingly, no PIWI mutation or deficiency yet studied affects female reproductive competency in mammals, even though PIWIL2 expression has been demonstrated in human fetal oocytes and in human oocytes and ovary, and PIWIL1 expression has been reported in human and bovine oocytes and ovary [43] .
The major role of the PIWI/piRNA pathway appears to be the control of retrotransposon expression that occurs when developing gametes undergo epigenetic reprogramming during meiosis [41, [45] [46] [47] . Retrotransposons are mobile genetic elements that are normally suppressed in somatic cells by DNA methylation [48, 49] . Demethylation occurs during reprogramming to facilitate meiotic recombination [50] [51] [52] , and during this period unconstrained transposon expression is potentially deleterious when transcripts undergo reverse transcription and reintegrate into the genome, causing mutations [53] . The PIWI pathway protects against retrotransposons because piRNAs target expressed retrotransposon transcripts for PIWI binding, and the PIWI/piRNA complex induces transcript decay through ''slicer'' endonuclease activity [25, 36, [54] [55] [56] [57] [58] . In addition, recent studies have demonstrated that some PIWI complexes recruit factors, such as DNMT3L, that organize the methylation of CpG islands within the originating retrotransposon locus [41, 59] . Additional functional roles for the PIWI pathway in the binding and turnover of mRNAs important for spermatogenesis have also recently been identified [20, 60] .
Despite the obvious importance of PIWI proteins and piRNAs in male reproduction, these pathways have not been extensively characterized in mammalian species other than rodents. This is important, because interspecies differences are likely to be significant given the marked differences in retrotransposon biology that exist between species. Furthermore, understanding these pathways in some species may facilitate their manipulation in the context of fertility control, an important therapeutic objective in many cases. In the present study, we have cloned canine PIWIL1, a major PIWI protein, and characterized several important aspects of PIWIL1 biology in the dog.
MATERIALS AND METHODS

Materials
Investigations using experimental animals or subjects were conducted in accordance with the Society for the Study of Reproduction's specific guidelines and standards and conformed to the guidelines of the University of Guelph. All canine testicular and ovarian tissues were collected after being discarded from routine neuter/spay operations at local veterinary clinics. Nongonadal tissue was collected at postmortem with owner consent from dogs euthanized for reasons unrelated to research.
Cell Culture
HEK293 cells were cultured in high-glucose Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 4 mM Lglutamine, and 1% penicillin-streptomycin antibiotic/antimycotic (Gibco) at 378C/5% CO 2 .
Cloning pcDNA3.1 Canine PIWIL1/PIWIL2. The canine PIWIL1 coding region was amplified from canine testicular cDNA using Platinum Taq DNA Polymerase High Fidelity (Invitrogen). Primers for amplification were chosen from the 3 0 -and 5 0 -untranslated regions (UTRs) of the cDNA, and sequence information for all primers used is shown in supplemental Table S1 (Supplemental Data are available online at www.biolreprod.org). PIWIL1 was amplified from a mature canine testicular sample. The PCR conditions were as follows: 948C for 2 min, followed by 35 cycles at 948C for 30 sec, 588C for 30 sec, and 688C for 3 min. This was followed by a final incubation of 688C for 3 min. The PCR products were verified for size by electrophoresis on 0.8% agarose/TAE gels, and products were purified using the PureLink PCR purification kit (Invitrogen) as per the supplier's protocol. The blunt-ended PCR products were ligated into pcDNA3.1/v5-His TOPO vector using the pcDNA3.1/v5-His TOPO expression kit (Invitrogen) to create the plasmid pcDNA3.1-canPIWIL1. Briefly, 2 ll of purified PCR was mixed with 10 ng of pcDNA3.1/v5-His TOPO vector and 1 ll salt solution in a total volume of 5 ll. Reaction mixtures were incubated for 10 min at room temperature and placed on ice. A total of 2 ll of this reaction was used to transform competent Top10 Escherichia coli according to the manufacturer's instructions (Invitrogen). Positive colonies were isolated from ampicillin-agar plates and grown for plasmid isolation using a Qiagen Miniprep kit (Qiagen) according to vendor instructions. Constructs were sequenced at each step to verify orientation and sequence specificity by comparison with predicted sequences in the National Center for Biotechnology Information (NCBI) database. Sequencing primers are listed in Supplemental Table S1 .
YFP-canine PIWIL1. The coding region of canine PIWIL1 was amplified from pcDNA3.1-canPIWIL1 using Platinum Taq DNA Polymerase High Fidelity (Invitrogen). Forward and reverse primers incorporated restriction digest sites for BspE1 and Acc651, respectively. All primers used for amplification are listed in Supplemental Table S1 . The PCR conditions were as follows: 948C for 1 min, followed by 30 cycles at 948C for 15 sec, 56.58C for 30 sec, and 688C for 3 min, followed by a final incubation step of 688C for 6 min. The PCR products were verified for size and were purified as described above. The PCR products and the YFP-C1 vector (Clontech) were digested for 2 h at 378C, and digestion products verified on a 0.8% agarose/TAE gel. Digested products were gel extracted using a PureLink Quick Gel Extraction Kit (Invitrogen) as per manufacturer's instructions, and were ligated for 1 h using T4 DNA Ligase (Invitrogen) as per vendor protocol. The products of the ligation reactions were used to transform competent Top10 E. coli (Invitrogen) as per the supplier's instructions. Positive colonies were selected from Kanamycin-Agar plates and grown for plasmid isolation as described above. Constructs were sequenced in their entirety to verify orientation, frame, and specificity. Primers used to sequence constructs are listed in Supplemental  Table S1 .
RNA Isolation and cDNA Synthesis
Total RNA was isolated from eight canine testes samples (;500 mg of tissue) individually using the Qiagen miRNeasy Micro Kit (Qiagen) and was treated with DNAse 1 (Qiagen) during the isolation protocol according to the manufacturer's instructions. RNA concentrations were determined using a Nanodrop spectrophotometer (Thermo Scientific), and for cloning reactions 1 lg of total RNA was reverse transcribed using oligo(dT)12-18 primer and Superscript III reverse transcriptase (Invitrogen). RNA (1 lg), oligo(dT) primer (1 lg), and 1 ll of 10 mM dinucleotide triphosphate mix were mixed in a 13-ll reaction volume, incubated at 658C for 5 min, and placed on ice for 2 min. Reverse transcription was performed with 200 U/ll Superscript III reverse transcriptase, 0.1 M dithiothreitol (DTT), 13 buffer, and 40 U/ll RNAse OUT RNAse inhibitor in a final reaction volume of 20 ll at 508C for 50 min. The reaction was terminated at 708C for 15 min. RNAse H (2 U; Ambion) was added to each sample and incubated at 378C for 20 min. Reactions were stored at À208C until use.
The RNA used for RT-PCR analysis was reverse transcribed using Quanta qScript cDNA Supermix (Quanta). Briefly, 1 lg of total RNA was added to 4 ll of Supermix to a final concentration of 13 in a total reaction volume of 20 ll. The reaction was incubated at 258C for 5 min, 428C for 30 min, and 858C for 5 min as per the supplier's protocol. Samples were stored at À208C until use.
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Gene Expression Analysis
Reverse transcription-quantitative PCR (RT-qPCR) was used to analyze the expression level of PIWIL1 in immature (3-6 mo) and mature (.1 y) canine testicular samples. Briefly, cDNA from qScript reverse transcription was diluted to 1.5 ng/ll. The PCR reaction mix included 5 ll of SsoFast Eva Green Supermix (BioRad), 0.5 lM primer mix, and 3 ng of cDNA, mixed to a total volume of 10 ll. Reactions were performed in a BioRad CFX qPCR machine (BioRad) using a 96-well format. Water alone and no-template controls were completed for each primer set. All samples were tested in triplicate. The reaction conditions were as follows: 1 cycle at 958C for 2 min, followed by 35 cycles of 958C for 10 sec and primer-specific annealing temperatures for 30 sec. Each run was followed by a melting curve analysis to control for primer-dimer formation and to ensure accurate amplification. Standard curves were completed to calculate primer efficiency in all cases. All primers used are shown in Supplemental Table S1 . Relative transcript quantity was calculated using the DDCq method using both b-actin and GAPDH as reference genes in all samples. Calculations were performed (BioRad CFX manager version 3.1) and graphed (PRISM software version 6.0; GraphPad). Statistical analysis (an unpaired t-test) was performed using GraphPad Prism 6 software (PRISM software version 6.0; GraphPad).
Western Blotting
Canine tissues (;500 mg) were homogenized using a motorized homogenizer in 300 ll of ice-cold lysis buffer (25 mM Tris HCl, pH 7.4; 150 mM KCl; 2 mM ethylene diamine tetraacetic acid [EDTA]; 0.5% NP-40; 1 mM NaF; and 1 mM DTT) with cOmplete, mini, EDTA-free protease inhibitor (Roche) until samples were homogeneous. HEK293 cells were washed 23 in PBS and trypsinized. Samples were pelleted at 1000 3 g for 5 min, washed 13 in PBS, and repelleted at 1000 3 g for 5 min. Cell pellets were resuspended in lysis buffer (as above). Tissue and cellular samples were then incubated for 10 min on ice and cleared by centrifugation at 10 000 3 g for 10 min at 48C, after which cleared supernatant was removed. When required, a second centrifugation step of 10 000 3 g for 10 min at 48C was completed to further clarify. Protein concentration was evaluated using the BioRad Dc Protein Assay Kit (BioRad). Sample (30 lg) was loaded on to 8% SDS-PAGE gels after boiling in 13 SDS loading buffer containing DTT at 958C for 5 min. The PAGE was completed using the BioRad mini PROTEAN gel system and transferred using a wet transfer apparatus (BioRad). Membranes were incubated for 1-2 h in 5% nonfat milk in TBS with 0.1% Tween 20 (TBS-T), and incubated with the primary antibody of interest in 5% BSA/TBS-T overnight at 48C with gentle agitation. Primary antibodies were as follows: anti-PIWIL1 (1:1000; Ab12337; Abcam Inc.) and anti b-actin (1:1000; no. 4967; Cell Signaling Technology). After washing, secondary antibody was added to membranes in TBS-T/5% nonfat milk for 45 min at room temperature with gentle agitation. Secondary antibodies were as follows: anti-rabbit immunoglobulin G (IgG) horseradish peroxidase-linked secondary (1:5000; no. 7074S; Cell Signaling Technology). Blots were visualized using Clarity ECL (BioRad) and a BioRad XRS auto imager (BioRad).
RNA Immunoprecipitation
Immunoprecipitation. Canine testis tissue (approximately 0.250 g) was homogenized in 500 ll of lysis buffer (25 mM Tris-HCl, pH 7.4; 150 mM KCl; 2 mM EDTA; 0.5% NP-40; 1 mM NaF; and 1 mM DTT) and cell lysate was cleared at 11 700 3 g for 20 min at 48C. Lysate was precleared with 50 ll of protein-A magnetic beads (BioRad) for 2 h at 48C. A total of 100 ll of precleared lysate was added to 40 ll of protein-A magnetic beads bound to 3 lg of PIWIL1 antibody (Ab105393; Abcam), 2 lg of nonspecific rabbit IgG (no. 12-370; Millipore), or control without antibody, respectively, and incubated with rotation for 2 h at 48C. Each immunoprecipitation was performed in duplicate. Samples were then washed 43 in 250 ll of lysis buffer containing 1 ll/100 ll RNAse OUT (Invitrogen) and 13 cOmplete protease inhibitor (Roche). Samples were then washed3 in 250 ll of PBS-T (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , and 0.1% Tween 20) and placed in clean microcentrifuge tubes. Samples were washed one final time in 250 ll of PBS-T prior to elution.
Protein elution. A total of 100 ll of protein elution buffer (0.2% [w/v] SDS, 0.1% [v/v] Tween 20, and 50 mM Tris-HCL, pH 8.0) was added to beads and incubated for 10 min at room temperature with rotation. Beads were magnetized and the elution removed. This elution was then repeated with a second 100 ll and added to the original elution to a total elution 1 (E1) volume of 200 ll. A total of 15 ll of 23 SDS loading buffer was added to the remaining beads and incubated at 958C for 10 min. Beads were magnetized and elution removed to a clean microcentrifuge tube and labeled ''elution 2'' (E2). A total of 1 ml of ice-cold acetone (Sigma) was added to E1, mixed well, and incubated at À208C overnight. Samples were then spun at 10 200 3 g for 15 min at 48C to pellet the precipitate. The supernatant was removed, and the pellet was allowed to air dry for 5 min at room temperature. The pellet was then resuspended in 13 SDS loading buffer and incubated at 958C for 10 min.
RNA elution. A total of 50 ll of RNA elution buffer (50 mM Tris, pH 8.0; 100 mM NaCl; 10 mM EDTA; and 1% SDS) was added to the beads and incubated for 10 min at 658C with inversion every 2 min to mix. Beads were magnetized, and the supernatant was removed and labeled ''RNA elution.'' This elution was repeated with an additional 50 ll of RNA elution buffer and added to the RNA elution, for a total elution volume of 100 ll.
RNA extraction. A total of 10 volumes of Qiazol RNA extraction reagent (Qiagen) was added to RNA Elution, and RNA was extracted using an miRNeasy micro RNA extraction kit (Qiagen) using the manufacturer's instructions for enriching small RNA. All samples were eluted in 14 ll of RNase-free water.
TBE UREA PAGE. Briefly, 23 TBE UREA denaturing buffer (catalogue no. 161-0768; BioRad) was added to RNA immunoprecipitation (RIP) samples to a final concentration of 13, and was incubated at 708C for 10 min. Electrophoresis was performed using a 15% TBE UREA polyacrylamide gel (catalogue no. 456-6053; BioRad) in 0.53 TBE buffer (BioRad) at 200 V for 45 min. A total of 1 lg of total RNA was loaded as a running control. Visualization was achieved after staining with 13 SYBR GOLD (Invitrogen) in 13 TBE buffer for 45 min on a BioRad XRS imager using the amber filter. Band size was quantified using ImageLab software (BioRad, version 5.0; ImageLab).
Immunohistochemistry
Mature and immature canine testes samples were fixed in 10% neutral buffered formalin overnight at room temperature, dehydrated in isopropanol, and embedded in paraffin. Serial 5-lm sections were obtained and mounted on charged glass slides. Slides were deparaffinized and rehydrated in xylene and isopropanol. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide (Sigma) for 10 min. Slides were washed in PBS (137 mM NaCl; 2.7 mM KCl; 10 mM Na 2 HPO 4 ; 1.8 mM KH 2 PO 4 ), followed by citrate buffer antigen retrieval (10 mM citric acid with 0.05% Tween at pH 6.0) for 12 min at 958C. Slides were allowed to cool to room temperature for 20 min and washed with PBS. A wax ring was applied around tissue sections and treated with Dako protein block-serum free (X0909; DAKO) according to the manufacturer's instructions, for 10 min. Slides were incubated with primary rabbit anti-PIWIl1 antibody (1:100; Ab12337; Abcam) in PBS, with adjacent slides incubated in PBS as negative controls. Slides were incubated in humidified chamber at 48C overnight. After incubation, slides were washed in PBS and then incubated with biotinylated secondary anti-rabbit (1:100; B7389; Sigma) for 2 h at room temperature. Slides were then washed with PBS, and tertiary ExtrAvadinPeroxidase (E2886; Sigma) was applied at a 1:50 dilution for 1 h at room temperature. Slides were then washed with PBS, and 3,3 0 -diaminobenzidine (D4293; Sigma) was added for 30 sec, after which slides were quickly washed in PBS. Slides were then counterstained in Carazzi hematoxylin for 30 sec before sequential water washes and dehydration in isopropanol and xylene. Slides were mounted with Cytoseal (831016; ThermoFisher). Representative photomicrographs are shown.
Immunofluorescence HEK293 cells were plated in six-well tissue culture plates (Corning) in antibiotic-free media (as above without penicillin/streptomycin). Twelve hours after plating, cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cells were then incubated a further 24 h, after which they were incubated with 1 lg/ml Hoescht 33342 (Life Technologies) in DMEM media for 20 min immediately prior to imaging. Imaging was performed using an EVOS FL Cell Imaging system (Life Technologies). Overlays were completed using EVOS FL software (Life Technologies).
RESULTS
The PIWI proteins and their associated piRNAs are major participants in important regulatory pathways that are highly relevant to fertility, yet have not been widely investigated in mammalian species other than the mouse. In order to identify PIWIL1 in the canine genome, we analyzed predicted sequences in the publicly available databases NCBI and Ensemble. 0 -UTRs. Notably, a complete lack of homology between variant X1 and X2 was observed upstream of the protein-coding region. However, both the coding region and 3 0 -UTR appeared to be highly conserved. Primers were therefore designed to amplify both variants, with differing forward primers located in the 5 0 -UTR of each gene and a common reverse primer in the 3 0 -UTR (all primers used for cloning are listed in Supplemental Table S1 ). Attempts at amplification of variant X1 from canine testis tissue were unsuccessful. Amplification of variant X2 resulted in a specific ;2600-bp product. This product was cloned into an expression plasmid (pcDNA3.1) and sequenced via automated DNA sequencing using several sets of overlapping sequencing primers (Supplemental Table S1 ). Although several nucleotide differences were observed in the cloned PIWIL1, none of these resulted in amino acid substitutions, and the cloned canine PIWIL1 showed 100% alignment with the predicted X2 variant (Fig. 1) . This cDNA sequence was submitted to GenBank (accession no. KR780051).
The canine PIWIL1 cDNA encodes an 861-amino acid protein that is more than 95% homologous to PIWIL1 or its homologues in other mammalian species. Argonaute proteins, including the PIWI clade, contain specific domains that are critical for function. For the PIWI proteins, these include the PAZ domain, which binds the 3 0 end of small RNAs required for the formation of the PIWI ribonucleoprotein complex [61, 
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62], and the PIWI domain, which plays a potential role in slicer/enzymatic activity of the protein [63] . Optimal global alignment of the full-length Canis lupus familiaris PIWIL1 protein sequence to the selected mammalian organisms human (Homo sapiens), mouse (Mus musculus), and pig (Sus scrofa) was completed using EMBOSS needle and the NeedlemanWunsch algorithm and is detailed in Table 1 . The C. lupus familiaris PIWIL1 was found to have the highest homology to S. scrofa, with a total sequence identity of 98.7%. When alignment was completed within the PAZ and PIWI domains, this trend was maintained, with the highest sequence identity occurring between the dog and the pig, and the alignment between dog and human showing the lowest alignment identity. Notably, all sequence alignment within the PIWI and PAZ domains demonstrated alignment identity of greater than 97%, suggesting a high level of evolutionary conservation within mammals.
To further characterize canine PIWIL1, we transfected the pcDNA3.1-caninePIWIL1 plasmid into HEK293, a mammalian cell that lacks endogenous PIWIL1 expression. Western blotting demonstrated that a single band with a molecular mass of 100 kDa was present in the transfected cells, indicating the presence of PIWIL1 in the transfected cells and confirming specific recognition using an available PIWIL1 antibody ( Fig.  2A) . No band was evident in HEK293 cells transfected with a canine PIWIL2 plasmid, further confirming antibody specificity. PIWIL1 was then subcloned into vectors for expression as N-terminal or C-terminal Yellow Fluorescent Protein (YFP) fusion proteins, after which PIWIL1 expression was verified by Western blotting (Fig. 2B) . Subcellular localization of canine PIWIL1 was examined after transient transfection of YFP- Table compiled 
PIWIL1 IN THE CANINE TESTES
tagged constructs in HEK293. The N-terminal YFP-PIWIL1 fusion protein is strongly expressed and demonstrates cytoplasmic localization in the majority of cells, with limited nuclear staining present (Fig. 2C) . The C-terminal PIWIL1-YFP fusion protein shows a similar expression pattern (data not shown). Cytoplasmic localization of PIWIL1 is consistent with the pattern observed in vitro in other species [39, 40] . In order to evaluate the normal pattern of PIWIL1 expression, we examined a panel of canine tissues (heart, lung, liver, spleen, kidney, ovary, and testes) for the presence of PIWIL1 using conventional RT-PCR. PIWIL1 mRNA was detected in the testes sample and was absent in all other tissues tested (Fig. 3A) . We then evaluated PIWIL1 protein levels by Western blot analysis using samples derived from the same panel of canine tissues. In the dog tested, strong expression of PIWIL1 was observed in testes, with no detectable signal in all other tissues tested (Fig. 3B) . Coomassie staining of an identical gel was performed to verify loading consistency between lanes because the level of protein antigens normally used as loading controls (actin, tubulin) varied considerably between canine tissues tested.
PIWIL1 expression was next evaluated in the testes of multiple dogs at different levels of sexual maturity across a variety of breeds. Maturity was verified by the presence of elongated spermatids as well as overall morphology in matched hematoxylin and eosin (H&E)-stained slides. Representative H&E sample of immature (Supplemental Fig. S1 , a and b) and mature (Supplemental Fig. S1, c and d ) testes are shown, with   FIG. 3 . PIWIL1 expression in canine tissues. A) Endogenous PIWIL1 expression in different mature canine tissue determined by PCR with GAPDH as a PCR control. Primers used in amplification are the same as those used to clone PIWIL1 from testes cDNA (Fig. 1) . NTC, no-template control. B) Western blot analysis of endogenous PIWIL1 expression in mature canine tissues with a Coomassie-stained gel (pseudocolored) cropped at 75 kDa as a loading control. M1, mouse testes control; lane 2, molecular weight marker. STALKER ET AL. magnification to highlight the presence or absence of elongating spermatids in a mature or immature dog sample, respectively (Supplemental Fig. S1, b vs. d) . The RT-PCR revealed that PIWIL1 was expressed in all (six of six) dogs tested (all breed and age information can be found in Supplemental Table S2 ), although a substantially lower intensity was noted in one immature dog (Fig. 4A) . In order to further investigate this expression pattern, quantitative realtime PCR was employed to analyze transcript levels within the same sample pool. Dog-to-dog variability in PIWIL1 expression was present, with transcript expression generally highest in mature animals and lower in immature dogs (Fig. 4, B and  C) . When grouped into mature and immature categories, interanimal variability limits statistical significance; however, a clear trend toward expression in mature dogs and a lower level of expression in immature animals is present. Determination of protein expression of PIWIL1 across the same six dogs by Western blot analysis demonstrated detectable PIWIL1 expression in three of three mature dogs, with lower or no expression present in three of three immature dogs (Fig. 4D) .
We next evaluated PIWIL1 expression within both immature and mature canine testes using immunohistochemistry (IHC) to determine the exact localization of PIWIL1.
Immature (samples 052, 030, and 029) and mature (samples 046, 049, and 038) animals were selected for IHC analysis. All canine testis samples stained positive for PIWIL1, with negative controls showing weak to no signal (data not shown). General trends suggested a higher level of strongly positive staining in mature samples compared with immature samples. More specifically, in the samples of immature dogs, the only strongly positive staining cells in the seminiferous tubules were the prespermatogonia and spermatogonia, the only germ cells visible (Fig. 5A, c and d, representative image) . In samples of mature dogs, however, spermatocytes, especially pachytene spermatocytes, as well as both round and elongating spermatids showed positive PIWIL1 staining (Fig. 5B, a and b , representative image). These data support previous conclusions that PIWIL1 expression within the testes is dependent on the stage of spermatogenesis, and highly specific to certain cell types within the seminiferous tubule.
One defining feature of PIWI proteins is their ability to form complexes with short noncoding RNAs known as piRNAs [21, 22, 27] . We therefore sought to determine whether canine PIWIL1 bound this population of RNA in canine testis tissue. To this end, RIP was performed. Briefly, PIWIL1 was immunoprecipitated from canine testes tissue using a specific 
PIWIL1 antibody, after which bound RNAs were visualized using gel electrophoresis. Immunoprecipitation was performed with an antibody specific for the N-terminal region of PIWIL1. Western blotting with a C-terminal PIWIL1 antibody demonstrated a single band of the appropriate molecular weight, suggesting the successful and selective immunoprecipitation of PIWIL1. Denaturing polyacrylamide gel electrophoresis (TBE UREA gel) after RNA extraction of the immunoprecipitate to specifically enrich small RNA species, revealed a population of small RNA ranging from 27 to 32 nucleotides, with an average size of 29 nucleotides in length present in PIWIL1-IP products, as quantified by gel analysis software, whereas identical control samples subjected to the immunoprecipitation procedure using beads alone or a nonspecific IgG showed no associated small RNA species (Fig. 6B) .
DISCUSSION
In the present study we have cloned C. lupus familiaris PIWIL1, characterized its pattern of expression in the dog, and demonstrated that it is associated with small RNAs in a size range consistent with piRNAs in testicular tissue. Historically, the nomenclature of PIWI proteins involves naming proteins using lettering from the organism studied (i.e., Hiwi, Hili for human proteins). However, as discussed in a recent publication by Kowalczykiewicz and coworkers [64] , naming proteins this way becomes problematic as more organisms are studied, and misunderstandings due to annotation are likely to occur. We have therefore adopted the nomenclature convention proposed by Kowalczykiewicz and colleagues [64] , whereby the Latin systemic name of the organism studied is combined with the PIWI protein number. The canine genome encodes three PIWI genes, PIWIL1, PIWIL2, and PIWIL4, all of which have been shown to play a variety of distinct roles in piRNA biogenesis, retrotransposon regulation, and reproductive competence in other model systems. The canine PIWI proteins are therefore formally named C. lupus familiaris PIWIL1, PIWIL2, and PIWIL4 in the present study. We have focused our studies on PIWIL1 because this protein plays the largest regulatory role after birth and can be readily studied with available resources.
PIWI proteins, and PIWIL1 in particular, appear to be essential for male fertility in other models studied [27, 36, 40] . The C. lupus familiaris PIWIL1 reported here shows high homology with Homo sapiens PIWIL1, Mus musculus PIWIL1, and S. scrofa PIWIL1, particularly in a region known as the DDH catalytic triad, which is essential for RNase ''slicer'' activity and degradation of retrotransposon transcripts [58, 65] . Mutation of this triad in M. musculus PIWIL1 results in both male sterility due to meiotic failure and increased LINE1 expression [65] . The high level of homology seen in this region in all mammals studied to date strongly supports a similar functional importance in the dog.
In many other species, PIWIL1 expression is primarily cytoplasmic and largely restricted to the testes [36, 40, 66] . Our findings suggest that the expression of PIWIL1 in the dog is similar, with a striking cytoplasmic localization in transfected cells and localization to the cytoplasm of both pachytene spermatocytes and both round and elongating spermatids within the seminiferous tubule in mature animals, and localization to the cytoplasm in prespermatogonia and spermatogonia in immature animals. The expression pattern in mature animals appears consistent with previously determined localization in other model systems, where PIWIL1 is suggested to play a functional role in the regulation of spermiogenesis when it is localized to the cytoplasm [40, 67] . Localization of PIWIL1 to prespermatogonia and spermatogonia in immature dogs is, however, different from observations in other mammals. PIWIL2 has previously been shown to localize to both germ line stem cells and spermatogonia and has been found to play a role in stem cell self-renewal and differentiation. However, PIWIL1 expression is thought to be limited to meiotic germ cells, especially pachytene spermatocytes and spermatids with expression not observed in spermatogonia or prespermatogonia [40, 67] . Lack of crossreactivity of our antibody to PIWIL2 was verified by Western blot analysis prior to being used for IHC. Therefore, our findings suggest that PIWIL1 localization may differ slightly in the canine, and they open up the possibility that PIWIL1 may play an additional role in early proliferation or differentiation that is not observed in mice. Further analysis will be required to address this possibility and to gain further understanding of the role of PIWIL1 in prespermatogonia/spermatogonia. Based on localization alone we cannot rule out additional roles for PIWIL1, such as the recruitment of factors, such as DNMT3L, and participation in subsequent epigenetic changes. Further studies will be necessary to address these possibilities. FIG. 6 . PIWIL1 interacts with piRNA-sized small RNAs. Canine testis lysates were immunoprecipitated with 3 lg of anti-PIWIL1 antibody. Eluents from both magnetic protein A beads alone, and magnetic protein A beads bound to 2 lg of rabbit IgG were used as negative controls. A) Representative immunoprecipitation followed by Western blotting of PIWIL1. Input represents 10% of total protein used in immunoprecipitation. Lower bands are IgG (recognized by secondary antibody). B) Analysis of bound RNAs: small RNAs bound to immunoprecipitated PIWIL1 were analyzed by denaturing TBE UREA polyacrylamide gel electrophoresis and stained using SYBR gold. Beads alone and nonspecific rabbit IgG were included as negative controls. L1, low-range ssRNA ladder; L2, microRNA marker. Band size quantified by gel analysis software. Representative gel shown.
Our RIP studies demonstrated a strong band present at the appropriate size (27-32 nucleotides, peaking at 29 nucleotides) for piRNAs. Importantly, smaller RNAs in the size range typical of miRNAs (19-22 nucleotides) were not evident, suggesting that PIWIL1-associated RNAs in the dog are similar in size to those reported in other mammals studied [7, 8, 21, 22, 36] . Given the requirement for PIWI proteins to bind piRNAs in order to function, these data support that PIWIL1 plays a functional role in the canine.
Expression of PIWIL1 in the canine testes was variable, with a clear trend to higher expression in mature animals. Dogs are a highly diverse species, with selective breeding over many generations leading to hundreds of distinct breeds. For this reason, comparisons between animals are generally more complex than with most model organisms, where genetic variability is more limited. We postulated that PIWIL1 expression would be higher in sexually mature animals because of the known role of PIWIL1 in spermatogenesis. Our analysis shows that, although variability across breeds and individual animals is present, PIWIL1 is expressed within all male canine testes, with a significantly higher expression level in mature animals. Again, this is consistent with the primary role proposed for this protein in the regulation of retrotransposon expression during spermatogenesis, and the higher number of differentiating germ cells in sexually mature subjects. In other mammalian species, PIWI proteins have been identified in stem cells, brain, oocytes, and neoplastic cells [43, 68, 69] . Although we have not addressed these aspects of PIWI biology in the current study, our cloning and characterization of PIWIL1 and the demonstration of associated piRNAs should help facilitate such studies in the future.
In conclusion, we have provided the first evidence of a functional PIWI system in the dog. PIWIL1 expression appears limited to the testes, with significant differences in expression in sexually mature dogs compared with their sexually immature counterparts. Canine PIWIL1 binds RNA that has characteristics of piRNAs, and it appears to localize to the cytoplasm when exogenously expressed in vitro, and to both pachytene spermatocytes and round spermatids in mature testes. Coupled with previous studies on the roles of the PIWI pathway in the regulation of retrotransposons and gene expression, these findings support a role for PIWIL1 in spermatogenesis that warrants further mechanistic study to enhance our understanding of canine reproductive biology, fertility, and disease.
